Superoxide dismutases (EC 1.15.1.1) in vascular plants representing different evolutionary levels were characterized using polyacrylamide gel electrophoresis. The three forms of the enzyme were distinguished from each other based on the following criteria: a) the Cu-Zn enzyme is sensitive to cyanide wherease the Fe and Mn enzymes are not; and b) the Cu-Zn and Fe enzymes are inhibited by H202 whereas the Mn enzyme is H202-resistant. Of the 43 plant families investigated, the Fe-containing superoxide dismutase was found in three families: Gingkoaceae, Nymphaceae, and Cruciferae.
Superoxide dismutases are metalloproteins found ubiquitously in all aerobic organisms. They serve a protective role against the deleterious effects of 02 by catalyzing the disproportionation of the superoxide free radical ion to H202 according to the following equation (10) : 02 + 02 + 2H+ --H202 + 02 Based upon metal content, three isozymes of superoxide dismutase have been identified. The Cu-Zn enzyme was the first isolated and characterized (21) . It is found in vertebrates, land plants, and fungi. It has a mol wt of about 32,000, consists of two identical subunits, contains one atom of Cu and one of Zn per subunit and is distinguished by its inhibition by cyanide. The Mn enzyme has been found in bacteria as well as in the mitochondrial matrix of plants and animals (10, 13, 15, 25) . This isozyme has a mol wt of 40,000 to 90,000 depending on source, a subunit number that varies from two to four, and a metal content of I to 4 atoms Mn per molecule (10, 20) . The Mn enzyme is distinguished by its insensitivity to cyanide as well as H202. The third isozyme is an iron-containing protein. It has been found in procaryotes, has a mol wt of about 40,000, consists of two subunits, and has a metal content of 1 to 2 atoms Fe per molecule (10, 20) . The Fe enzyme of SOD3 is CN--insensitive, but unlike the Mn enyme, is H202-sensitive (5, 8) .
Superoxide dismutases in photosynthetic organisms have been extensively studied (1-3, 11, 13, 19 MATERIALS AND METHODS Mature leaves from native plants and cultivars were collected locally. Etiolated seedlings were grown from seed in a darkened chamber and harvested 7 to 10 days after sowing. Leaves or etiolated seedlings were ground in a Waring Blendor in ice-cold media consisting of 50 mm K-phosphate (pH 7.0), and 0.1% Triton X-100. The homogenate was squeezed through four layers of cheesecloth and centrifuged at 12,000g for 10 min. Leaf extracts were dialyzed overnight against 10 mm K-phosphate (pH 7.0), to remove small mol wt compounds which interfered with the activity stain for SOD on polyacrylamide gels.
Electrophoresis was performed on 7.5% acrylamide gels (9) . The photochemical method of Beauchamp and Fridovich (6) was used to localize SOD activity on gels. The three types of SOD were distinguished by their different sensitivity to inhibitors (5, 8) . Inhibitors (1 mim KCN or 2 mi H202) were added to the staining solution prior to addition to the gels. Gels were incubated in the staining solution for 45 min before exposure to light. Densitometric scans of gels were made with a Perkin-Elmer model 552-0800 integrating gel scanner. Spectrophotometric measurements of SOD activity were made by the method of McCord and Fridovich (21) . Assays for SOD were routinely done in the presence of 10 ylM KCN to inhibit Cyt oxidase. This low cyanide concentration was insufficient to inhibit the Cu-Zn enzyme.
RESULTS
The Cu-Zn enzyme could easily be distinguished from the other two isozymes by its sensitivity to cyanide. Asada et al. (isozyme 2) corresponds in RF value to the iron enzyme that we previously purified and characterized (23) . The most cathodic band (isozyme 1) of activity which was CN--and H202-resistant represents the manganese SOD. Additional confirmation of the staining technique for identification of SOD isozymes was obtained from extracts of Escherichia coli. The Fe and Mn enzymes have been purified from this organism and their behavior on polyacrylamide gels as well as sensitivity to inhibitors has been documented (8, 15, 26) . A gel scan of crude extracts from E. coli confirms that the more acidic Fe isozyme is sensitive to H202 whereas the basic Mn protein is not (Fig. 2) . The SOD activity bands that were easily distinguishable. The SOD patterns in the two species of Nymphaceae examined were unlike any other vascular plants investigated. As in green algae (3) , these primitive dicots contained Fe and Mn SOD. The Cu-Zn enzyme was apparently absent.
Some plants did not exhibit a CN--resistant activity on polyacrylamide gels (Table I) . However, activity was found when SOD activity in most of these species was measured spectrophotometrically (Table II) . The apparent absence of corresponding bands of activity on gels may be due to large amounts of pigmented materials that interfere with the light-mediated gel stain, thereby preventing use of high concentrations of extract for electrophoresis. Furthermore, cyanide-resistant activity, representing a small percentage of the total SOD activity, may be low in leaves (7) . This latter point may explain the apparent absence of CN--resistant activity in Pilea pumila on gels as well as in the quantitative assay.
DISCUSSION
The phylogenetic distribution of the three types of SOD has been widely studied and recently reviewed by Asada et aL (1) and McCord (20) . The Mn enzyme is bound to the thylakoids of photosynthetic organisms (13, 14) and contained in the mitochondrial matrix (12) . In eucaryotic algae, the Fe enzyme is found in the chloroplast stroma (14) but has been replaced by the Cu-Zn enzyme in organisms which evolved during the Cambrian period, i.e. land plants and fungi (1, 4, 12) . In fact, the majority ofvascular plants examined contained both the Cu-Zn and Mn enzymes but not the Fe enzyme. We have found a few exceptions which may A third possibility is that the gene for the Fe enzyme is present in all eucaryotic plants but not expressed. Environmental pressures could have resulted in the selection of a modified controlling region arising by mutation and allowing once more for expression of the enzyme in Gingkoaceae, Cruciferae, and Nymphaceae.
The puzzling situation in the Nymphaceae where the Cu-Zn SOD appears to be absent will also require further investigation, including cross-reactivity studies with antibody to the plant CuZn enzyme. Perhaps the apparent lack of the Cu-Zn isozyme in this bottom-rooted aquatic plant family is a reflection of an environment poor in Cu, inasmuch as in an anaerobic environment, most Cu would be bound as the insoluble copper sulfide.
Our stu4y, while lengthy, was not exhaustive. The appearance of the Fe enzyme in isolated plant families may portend its existence in others which we have been unable to examine.
